Retinitis pigmentosa (RP) is genetically heterogeneous with causative mutations in more than 60 autosomal dominant, autosomal recessive, X-linked, and mitochondrial genes (RetNet) [1] . In general, the disease begins with rod photoreceptor degeneration followed by cone photoreceptor dysfunction; thus, patients develop night blindness and progressive peripheral constriction of the visual field followed by impairment of central and color vision [2] . The typical retinal phenotype is characterized by attenuated blood vessels, a pale optic nerve, and panretinal peripheral fundal changes characterized predominantly by the formation of bone spicules and variable atrophy. Retinal degeneration with clinical features of RP may also occur as part of systemic disorders, such as Usher syndrome, Bardet-Biedl syndrome, and others [1].
METHODS
Written informed consent was obtained from all patients after explaining the nature and possible consequences of the study. All study procedures conformed to the tenets of the Health Insurance Portability and Accountability Act and the Declaration of Helsinki for research involving human participants.
Ophthalmic examination: The patients were evaluated in a specialized retinal dystrophy clinic. Family and medical histories were obtained. Fundus photography, Goldmann visual field testing, fundus autofluorescence (FAF) imaging, and spectral-domain optical coherence tomography (SD-OCT) were performed. The diagnosis of sector RP was based on the presence of characteristic RP fundus features in one or two retinal quadrants and sparing of other quadrants.
Gene sequencing: Of the ten patients in this case series, seven had full sequence analysis of the RHO gene through a Clinical Laboratory Improvement Amendments (CLIA) certified laboratory. Patient 5 was the sister of patient 4 and had targeted mutation analysis for the mutation previously identified in her sibling. Given the clinical presentation and history, X-linked RP was suspected in patient 10, and he had genetic testing via sequence analysis of only the RP GTPase Regulator gene (RPGR, Xp11.4, OMIM 312610) gene.
Literature search: A comprehensive literature search was performed using PubMed and Scopus. The key phrase "sector retinitis pigmentosa" was used in both search engines, and all articles were explored for reported genetic mutations leading to sector RP. The references listed in papers found using Scopus and PubMed were also searched to ensure that all published papers containing gene mutations associated with sector RP were included in Table 1 . Biochemical properties of mutations in the rhodopsin gene that cause sector RP were researched and are summarized in the Results section.
RESULTS
Clinical phenotypes and molecular diagnosis in sector RP cases: Patient 1 presented with nyctalopia and carries a c.68C>A;p.Pro23His mutation in RHO. He has visual field defects in the superior quadrants, corresponding to pigmentary changes and the hyper-and hypo-AF pattern in the inferior part of the retina (Figure 1 , Appendix 1). Patient 2 has a c.677T>C;p.Leu226Pro novel mutation in RHO, a novel mutation in RHO, and shows superior visual field loss ( Figure  2 , Appendix 1). Patient 3 is the biological son of patient 2 and harbors the same c.677T>C;p.Leu226Pro novel mutation in RHO (Figure 3 , Appendix 1). The siblings, patients 4 and 5, have a c.808A>C;p.Ser270Arg mutation in RHO. Their examinations revealed atrophic pigmentary RPE changes and a noticeable hyper-and hypo-AF pattern in the inferior retina, corresponding to the super visual field defects in both eyes (OU; Figure 4 and Figure 5 , Appendix 1). Patient 6, who carries a c.44A>G;p.Asn15Ser mutation in RHO, has severe inferior chorioretinal atrophic changes associated with bone spicules and circumferential constriction of his visual fields ( Figure 6 , Appendix 1). Patient 7 has a c.44A>G;p.Asn15Ser mutation in RHO and demonstrated pigmentary changes along the inferior arcades that correlate with mild superior visual field defects. Interestingly, patient 7's OCT showed marked retinal layer contour abnormalities and thinning as well as RPE hyper-reflective round deposits in both eyes (Figure 7 , Appendix 1). Patient 8 with a c.325G>A;p.Gly109Arg mutation in RHO has attenuation of inferior arterioles with perivascular hyperpigmentation, RPE atrophy, and pigmentary changes mainly in the inferior and inferonasal midperiphery. These findings corresponded to the patient's superonasal visual field defects ( Figure 8 , Appendix 1). Patient 9 has a c.68C>A; p.Pro23His mutation in RHO and inferotemporal bone spicules with corresponding significant superior and nasal constriction of his visual fields ( Figure 9 , Appendix 1). Patient 10 with a c.3092_3093delAG; p.Glu1031Glyfs*47 in RPGR showed circumferential constriction with superior VF defects and prominent RPE changes in the inferonasal quadrants. Of note is that the patient's OCT was significant for generalized foveal thinning with marked ellipsoid zone abnormalities, as well as RPE hyper-reflective round deposits Biochemistry and animal studies for rhodopsin mutations that cause sector RP: Several missense mutations of rhodopsin have been reported to cause sector RP, including the ones in this study ( Figure 11 ). Among them, the proline to histidine mutation in codon 23 (p.Pro23His) is frequently reported, and accounts for about 12-14% of Americans of European origin [4] . The p.Pro23His mutation is located on the extracellular N-terminal tail region of rhodopsin. The p.Asn15Ser and p.Thr17Met mutations are also located in the same tail region. Biochemical properties of the rhodopsin p.Pro23His, p.Asn15Ser, and p.Thr17Met mutations have been well characterized. Several animal models have been studied in RHOinduced retinal degeneration, including Pro23 [5] [6] [7] [8] , Thr17 [9] , Thr4 [10], and Asp190 [11]. In the following sections, we review the effect of reported mutations in rhodopsin on the function of the protein in animal models and in the laboratory.
p.Pro23His found in this study: The p.Pro23His mutation has been well studied, because it is the most common cause of autosomal dominant RP (adRP) in North America [12] and the first identified mutation for RP [13] . The first transgenic mouse models were established in 1992 [14] , and rat p.Pro23His models are also available [15, 16] . A swine p.Pro23His model was also established [17] . A knock-in (KI) mouse model of p.Pro23His that resembles the human condition more faithfully was created and characterized by Sakami et al. [18, 19] . The homozygous mouse displays severe and rapidly progressive retinal degeneration, and the majority of rod photoreceptor cells are not visible by the age of 2 months. The heterozygous p.Pro23His KI mouse shows milder retinal degeneration with predominant involvement of the inferior retina, and rod photoreceptor cells are still observed at the age of 4 months. Partial rescue of the rod photoreceptor cells was induced by genetic deletion of visual chromophore 11-cis-retinal by crossing with the Lecithin:retinol acyltransferase (Lrat) knockout mouse [20] , suggesting structural instability of rhodopsin with p.Pro23His. Glycosylation of rhodopsin was also impaired in p.Pro23His KI mouse retinas. Accumulation of p.Pro23His rhodopsin in the endoplasmic reticulum (ER) of the inner segments was not observed with immunohistochemistry in the p.Pro23His KI mouse, in contrast to studies with a mouse model with the mutations p.Val20Gly, p.Pro23His, and p.Pro27Leu (namely, a VPP mouse model) and transgenic Xenopus laevis expressing p.Pro23His in their photoreceptors that provided evidence of ER stresses by mutant rhodopsin [21, 22] . Light-induced photoreceptor degeneration and acceleration of the speed of photoreceptor degeneration under vitamin A depletion have been also reported in the Xenopus laevis model of p.Pro23His [23] . Additionally, the rate of photoreceptor degeneration in dark-reared transgenic mice was significantly slower than in transgenic mice raised under cyclic light conditions [6] . p.Pro23His expressed in Caenorhabditis elegans aggregates in the nervous system, but the pharmacological chaperone 9-cis-retinal stabilizes it during biogenesis [24] . In vitro, p.Pro23His binds to 9-cis-retinal to produce isorhodopsin, and it is folded correctly with formation of the appropriate disulfide bond. In C. elegans neurons, p.Pro23His isorhodopsin initiates phototransduction by coupling with the endogenous Gi/o G-protein signaling cascade that induces loss of locomotion. However, regeneration of p.Pro23His isorhodopsin with 9-cis-retinal chromophore is slower than that of wild type isorhodopsin, suggesting that combined with the inherent instability of p.Pro23His rhodopsin, this could lead to the structural cellular changes and photoreceptor death. The p.Pro23His protein expressed in HEK293S cells showed decreased protein stability, decreased photobleaching spectra, mislocalization in the ER, and abnormal glycosylation [25] .
p.Leu226Pro found in this study: Leu226 is located in helix 5 of rhodopsin. Leu226 is a key hydrophobic patch in rhodopsin that can bind with transducin, the cognate G-protein of rhodopsin [26] . Six residues of rhodopsin have been identified as transducin-binding sites, and Leu226 is the only residue in a rhodopsin helix. Leu226 also plays important roles with Thr229 and Val230 for helix 6 movement [27] and helix 3 [28] .
p.Ser270Arg (p.Pro267Arg) found in this study: No studies on biochemical properties of the Ser270 residue have been reported to date, to the best of our knowledge, but the p.Pro267Arg mutation in rhodopsin has been examined. Ser270 and Pro267 are located in helix 6, which swings off the cytoplasmic side of the helix between at Meta I and Meta II states in the process of rhodopsin activation [29] . Cys264 and Trp265 contribute to make a groove for visual chromophore binding at Lys296 in helix 7. p.Pro267Arg and p.Pro267Leu rhodopsin show abnormal bleaching behavior, misfolding, and mislocalization in the ER, as well as accelerated Meta II decay [30, 31] . Lesser effects of Ser270 on Meta II decay and bleaching behavior are anticipated due to its increased distance from the chromophore-binding site compared to Pro267. Pro267 mutations have been reported in adRP [32] .
T4K, T4L, N15S, and T17M: The N-X-S/T sequence is essential for N-linked protein glycosylation, and rhodopsin has two glycosylated asparagines (Asn) at the N-terminal tail at codon 2 and codon 15. N-linked glycosylation is a post-translational modification of proteins and participates in many important biological roles, such as protein folding, intracellular targeting, immune response, cell adhesion, and protease resistance. Asn15 is known to play more important roles than Asn2 in rhodopsin because Asn2 mutations have not been reported among glycosylation consensus sequences Asn2, Thr4, Asn15, and Thr17. p.Asn15Ser and p.Thr17Met mutations are associated with sector RP (Table 1) . P.Thr17Met rhodopsin, which is expressed in HEK293S cells, showed low expression levels, accumulation in the ER, and less binding with visual chromophore 11-cis-retinal [25] . Reduced ability to activate the G-protein transducin has also been reported with p.Thr17Met rhodopsin, as well as non-glycosylated rhodopsin [32, 33] . p.Asn15Ser and p.Thr17Met proteins expressed in Xenopus laevis cause photoreceptor degeneration [34] . Interestingly, these mutant proteins are less toxic in their dark inactive states, and light exposure exacerbates photoreceptor degeneration in the retina expressing these mutants. The p.Thr17Met protein expressed in the HEK293S cells showed decreased protein stability, decreased photobleaching spectra, mislocalization in the ER, and abnormal glycosylation [25] . A dog p.Thr4Arg model exhibited a distinct topographic pattern of retinal degeneration [35] , and mislocalization of rhodopsin in the ER, aberrant glycosylation, and instability of rhodopsin were all observed [36] . p.Met39Arg: Met39 is located in helix 1 on one of the sites of the proposed retinal channel where the visual chromophore 11-cis-retinal can enter the protein, get isomerized, and exit upon Schiff's base breakage after the photoactivation cascade [37] . p.Met39Arg may alter the helix1-helix7 interface and the network of interactions between helices 1, 6, and 7, suggesting problems of receptor stability and the rate of Gt activation and retinal release [38] . p.Met39Arg showed a faster rate for transducing activation than WT rhodopsin with a faster metarhodopsin II decay [38] .
p.Asn55Lys: Asn55 is part of the conserved GX3N motif in helix 1, which is conserved for allosteric interaction with transducin to initiate the phototransduction cascade [39, 40] . p.Asn55Lys showed an altered retinal release from opsin binding pocket upon light exposure [38] . p.Thr58Arg and p.Thr58Met: Thr58 is located in helix 1 of rhodopsin. Functional analyses of p.Thr58Arg and p.Thr58Met mutants showed normal ultraviolet (UV)-visible absorption spectra specific to rhodopsin, suggesting a minor structural change in the rhodopsin molecule. However, significant structural changes have been reported in association with the mutants' ability to activate transducin [41] . Some residues, including Thr58 and Arg135, close to the transducin binding sites, Cys140, Lys141, Phe228, Thr229, and Val230 in the three-dimensional state of rhodopsin, could influence activation of transducin. In contrast, rhodopsin with R135W mutations, which can cause severe RP, displayed more impaired ability to activate transducin. p.Thr58Arg protein expressed in HEK293S cells showed decreased protein stability, decreased photobleaching spectra, mislocalization in the ER, and abnormal glycosylation [25] . p.Val87Asp: Val87 is located in helix 2 of rhodopsin. COS-1 cells expressing the p.Val87Asp rhodopsin mutant poorly regenerates with the visual chromophore, suggesting that Val87 involves interaction with 11-cis-retinal. Further, the p.Val87Asp mutant is thought to result in a less stable structural change [33] . p.Gly106Arg: Gly106 is located in the extracellular loop 1 between helix 2 and helix 3. p.Gly106Arg rhodopsin expressed in HEK293S cells showed an aberrant absorbance spectrum, mislocalization in the ER, and lower mobility of glycosylation, similar to other mutants, such as p.Thr17Met, p.Pro23His, and p.Asp190Arg [25] . p.Trp126Leu: Trp126 is located in helix 3. Cross-linking experiments with an analog of 11-cis-retinal revealed that Trp126 is one of major sites associated with chromophore Figure 11 . Illustration of mutations in RHO previously reported to cause sector RP. binding and support a Schiff's base link between 11-cisretinal and the Leu296 site [42] . In addition, protein modeling suggested that the p.Trp126Leu mutation likely affects the side-chain interaction between helix 3 and helix 6 in the lightadapted form [43] . These molecular modeling and simulation findings suggest that the p.Trp126Leu mutation may impair rhodopsin function by affecting its conformational transition in the light-adapted form. The p.Trp126Leu of bovine rhodopsin also showed weaker G-protein activation [44] . p.Gly182Ser: Gly182 is located in extracellular loop 2 between helix 4 and helix 5. Although the p.Gly182Ser mutation has not been examined biochemically, the adjacent amino acid mutation p.Glu181Lys was studied. Photoreceptor cells differentiated from induced pluripotent stem cells (iPSCs) established from a patient with RP with the p.Glu181Lys mutation showed degeneration by the fifth week of the culture due to apoptosis and impaired autophagy [45] . Because treatment with salubrinal, a selective inhibitor of eIF2α, leads to an increased number of iPSC-derived rod photoreceptor cells, and because the treated cells showed reduced levels of ER stress and apoptotic markers, the authors of this last paper suggested that rod photoreceptor cell death caused by the p.Glu181Lys mutation could be suppressed by inhibiting protein synthesis, including that of abnormal rhodopsin. Specifically, Yoshida et al. proved that treatment with NQDI-1, an inhibitor of ASK1 activation, increased the survival of mutant rod photoreceptor cells, which is consistent with the hypothesis that apoptosis is regulated by the ER stress-induced Ire-1α-ASK1-JNK pathway [46] . p.Asp190Asn and p.Asp190Gly: Asp190 is a highly conserved ion pair at the ends of loop E-2, and Asp190 and Arg177 are the conserved ion pair. The Arg-177/Asp-190 ion pair is critical for the folding and stability of dark-state rhodopsin [47] . The p.Asp190Asn mutation dramatically altered the stability of the retinal Schiff's base in dark-state rhodopsin but did not affect the Meta II state [48] . Some individuals with heterozygous p.Asp190Asn mutations were asymptomatic, especially in childhood [49] . A KI mouse model of p.Asp190Asn was previously developed [50]. The heterogynous p.Asp190Asn mouse did not show obvious retinal changes at 21 days of age, but photoreceptor degeneration was documented with ERG and histological evaluation at 210 days. However, the retinal degeneration was not considered severe. ER stresses by p.Asp190Asn mutant rhodopsin have been suggested [33] , but accumulation of the mutant rhodopsin was not detected in the KI mice. The p.Asp190Gly protein, which causes adRP, expressed in the HEK293S cells showed decreased protein stability, decreased photobleaching spectrum, mislocalization in the ER, and abnormal glycosylation [25] .
DISCUSSION
Sector RP has been reported in patients with mutations in RHO, USH1C, and CDH23 [51] . This report presented novel mutations in the RHO and RPGR genes associated with this uncommon retinal phenotype and reviewed the literature on the subject with an emphasis on the biochemical effects of the individual rhodopsin mutations on the protein and any animal models in which these mutations have been tested.
From a phenotypic perspective, sector RP is characterized by more severe retinal degeneration with RPE pigmentary changes, or atrophy, or both along the inferior arcades and in the inferior part of the fundus. This pattern of degeneration is most noticeable on the FAF examination and corresponds to superior visual defects on visual field testing. All patients in the present study displayed this pattern. Due to the central foveal sparing of the disease, all patients with mutations in RHO maintained excellent visual acuity in both eyes. Patient 10 with the c.3092_3093delAG mutation in RPGR, however, showed severe generalized foveal thinning and contour atrophy that corresponds to and explains his poor VA. The severity of this phenotypic variation difference could be explained by the severity of the deleterious aspect of the causal RPGR mutation compared to a resultant missense in the reported RHO mutations. Although in most cases the pattern was bilateral and symmetric, some patients demonstrated some degree of asymmetry as noted on multimodal imaging.
Sector RP is most commonly associated with mutations in rhodopsin, a G-protein coupled receptor that consists of a 348-amino acid rod opsin and a visual chromophore, 11-cisretinal [52] . Rhodopsin is found in rod photoreceptor cells and is localized to the discs of the outer segment [53] . The visual chromophore 11-cis-retinal is photoisomerized to alltrans-retinal by photon absorption, and this conformational change initiates rhodopsin activation, which further activates a cascade of biochemical reactions referred to as the phototransduction cascade [54] Currently, there are numerous mutations in rhodopsin reported to result in classic or sector RP (RetNet). [18] . Interestingly, knockout mice with heterozygous p. Pro23His rhodopsin mutations also show milder retinal degeneration phenotypes compared to homozygous mice [56] , mirroring the human disease with a milder phenotype like that seen in sector RP.
The exact pathogenesis of sector RP remains presently unknown. While the diagnosis of sector RP is clinical and based on a "pattern," there is evidence that the preferential inferior involvement is the result of certain rhodopsin mutations, and that it is a defined entity that reflects an underlying pathophysiological disturbance. Some evidence suggests that light exposure could lead to retinal degeneration and thus, contribute to the pathogenesis of RP. Noell and Albrecht showed that the absorbance spectrum of rod photoreceptor visual pigment, rhodopsin, coincided with the phototoxic wavelengths of light [57] . Rpe65 knockout mice, in which there is misfolded, mislocalized, or aggregated rhodopsin, were reported to resist the light-induced apoptosis of phototoxic damage [58] . This phenomenon is possibly related to the inability of mutant rhodopsin to exit the endoplasmic reticulum resulting in prolonged intracellular stress, and thus, apoptosis-mediated signaling during light exposure [59] [60] [61] [62] .
It has been postulated that the faster retinal degeneration progression in the inferior retina of patients with sector RP could be due to free radical-mediated apoptosis secondary to light exposure preferentially affecting the inferior retina [63] [64] [65] . In general, the inferior retina receives more light exposure due to the more elevated location of most light sources (sunlight and ceiling lighting). After calculating the dose distribution of blue light on the retinal surface, Schwartz et al. reported a noticeable greater effect on the superior visual field compared to the inferior one [65] . The authors reported that the highest dose of UV and blue light is located 4 mm superior to the macula on the visual field [65] .
The phenotypic difference between the superior and inferior retina with respect to light exposure could be related to an abnormal blue light variation in retinal sensitivity [65] . Interestingly, using Tübinger perimeter-based psychophysical testing, Fishman et al. demonstrated marked threshold differences between the superior and inferior retina in patients with p.Thr17Met and p.Gly182Ser mutations in RHO causing sector RP [66] . Furthermore, Grover et al. reported an early preferential superior visual field predilection in a certain patient with RP [67] . Based on this information, it is then possible for patients with rhodopsin-disease causing mutations to have more advanced retinal degeneration and photoreceptor loss occur in the inferior retina [62, 63] . By the same logic, exposure to a darkened environment has been shown to slow the rate of retinal degeneration in P23H rats and eliminate the degenerative changes between the inferior and superior retina [6, 7] .
In this study, we report a novel p.Leu226Pro (patients 2 and 3) mutation in rhodopsin causing sector RP. The p.Leu226Pro mutation involves one of binding sites of retinal G-protein, transducin, and p.Ser270 potentially affects visual chromophore binding as described in the section above. Both residues play a key role in rhodopsin functions. Interestingly transducin can bind six residues in rhodopsin ( Figure 7) , and until now, mutations in these residues have not been reported to cause RP. Although p.Leu226 is a transducin-binding site, and physiologically plays an important role in rhodopsin function, the p.Leu226Pro mutation reported in this study resulted in only a mild type of RP, that is, sector RP. This could possibly be explained by the redundancy of the six residues. Similarly, because p.Ser270Arg mildly affects chromophore binding, this mutation might cause only sector RP. These two mutations should be also categorized as Class B [55] .
Some RHO-induced adRP animal models showed more severe retinal degeneration in the inferior retina [6, 7 ]. This regional difference in degenerative vulnerability seemed to somehow depend on the animal model being investigated. For instance, degeneration induced by the photoreceptor toxin iodoacetic acid was more severe in the inferior retina of rabbits [68] . Furthermore, Crb1 mice also showed retinal degeneration only in the inferior retina [69] . In the rd/rd mouse model, however, there were significantly more cones that survived in the inferior than in the superior hemisphere in most retinas [70] . Additionally, light-induced retinal damage in albino rats was reported to be more severe in the superior retina [71, 72] .
In an attempt to investigate regional differences in photoreceptor degeneration, Zhu et al. quantified gene expression or regulation in the C57BL/6J mouse retina after exposure to hyperoxia [73] . Genes related to light-induced apoptosis and cytoprotection, as well as immune protective and inflammatory processes, were found to be significantly more regulated in the inferior retina [73] . It is then possible that the inferior retinal vulnerability to light could share similar biomolecular pathways as those seen in the hyperoxic environment, and thus, explain the robustness of the superior retina.
Rod photoreceptors are more sensitive to light-induced damage than cones [74] . Rod density is highest at 20 to 30 degrees from the center of the human retina, which corresponds to the perivascular arcade area. Production of oxygen-associated free radicals plays an important role in retinal phototoxicity [75] . Furthermore, photoactivated visual chromophore all-trans-retinal, which is produced in the photoreceptors after photoisomerization of 11-cis-retinal, is detrimental when its metabolism is impaired [76] . Studies of rhodopsin-induced sector RP implicated a critical role of light exposure in the pathogenesis of the degenerative process [59] [60] [61] [62] . It has been suggested that the inferonasal quadrant is most commonly affected in sector RP due to the greater light exposure of the lower retina from an overhead light source [3] . Taking these observations into consideration, the inferior retina along the vascular arcade appears to be most vulnerable to light-induced stresses, and thus, the inferior sectoral degeneration in individuals carrying heterozygous Class B rhodopsin mutations.
Based on a review of the literature and the cases in this report, we believe that sector RP is a well-defined clinical entity with relative preservation of the superior areas of the retina and fields of vision as evident by the multimodal imaging and visual field testing. Despite this milder phenotype, the disease does progress over time. There are currently no formal natural history studies available to investigate the rate of progression over time, or studies of any treatment approaches for patients with this clinical type of RP.
APPENDIX 1. CLINICAL CHARACTERISTICS AND MOLECULAR PATHOLOGIC FEATURES OF PATIENTS IN PRESENT STUDY.
To access the data, click or select the words "Appendix 1." Abbreviations: OD: oculus dexter, OS: oculus sinister, OU: oculus uterque, FAF: fundus autofluorescence, AF: autofluorescence, ERG : electroretinogram.
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